Abstract. Forest management can significantly affect both the diversity and spatial patterning of understory vegetation. However, few studies have considered both diversity and spatial patterning at a stand scale. Our objective was to evaluate the effects of forest management on understory plant communities in northern hardwood forests and assess the processes governing differences in species composition, diversity, and spatial patterns. We sampled understory vegetation (all species Ͻ2 m tall) and percentage of light transmission levels in three forest types in 12 mesic northern hardwood stands in northern Wisconsin and the Upper Peninsula of Michigan, USA: old-growth, undisturbed forests; even-aged forests resulting from clearcut logging (ϳ65-85 yr old); and uneven-aged forests with recent selective logging.
INTRODUCTION
Since the 19th century, northern forests in the United States Lake States (Michigan, Minnesota, and Wisconsin) have been extensively altered and managed for human use (Mladenoff and Pastor 1993) . Clearcutting of the primary forest was the prevalent form of timber harvest in northern Wisconsin until the early 20th century, causing significant alteration in both stand structure (Goodburn 1996) and landscape pattern (Mladenoff et al. 1993) . The species composition, diversity, and spatial patterning of forest understory plants have also been altered as a result of logging and forest management Meier 1992, Keddy and Drummond 1996) with unknown consequences to community functioning (Berlow 1999) .
Previous studies suggest that most understory species appear to be tolerant of overstory removal in northern Manuscript received 26 February 2001; revised 8 January 2002; accepted 18 January 2002. 1 E-mail: rmscheller@students.wisc.edu hardwood forests (Metzger and Schultz 1981 , 1984 , Hughes and Fahey 1991 . In contrast, Appalachian hardwood forests may experience the reduction or extinction of many vernal herbs due to the slow colonization and recovery of many herbs, climate change, or the loss of necessary microsites Meier 1992, Meier et al. 1995) . Uneven-aged management is a specific silvicultural treatment (Goodburn 1996) in which the effects on the forest understory may be comparable to any selective or partial harvesting. Similar to clearcutting, most studies have not found significant changes in overall community composition following selective logging (Metzger and Schultz 1984 , Reader 1987 , Reader and Bricker 1992 , Jenkins and Parker 1999 . However, vernal species may be more sensitive to uneven-aged management than clearcutting due to more frequent forest floor disturbance and desiccation caused by recurring periods of high radiation (Metzger and Schultz 1981) . Most studies of the effects of different forest management practices on understory plant species have been limited to an evaluation of the aggregate differ- ences in species richness and community composition within stands (Tonteri 1994 , Goodburn 1996 , Keddy and Drummond 1996 , whereas the spatial patterning of understory communities and diversity has received less attention. Previously, most research on explicit spatial patterns (i.e., relative geographic location) of understory vegetation was performed at a fairly small scale, generally Ͻ1 ha (Struik and Curtis 1962 , Crozier and Boerner 1984 , Collins and Pickett 1987 , Muller 1990 , Houle 1998 , Richard et al. 2000 , Miller et al. 2002 . However, understory communities may exhibit large-scale patterns within stands that are not evident or adequately sampled at these smaller scales. Because forest management occurs at the scale of a forest stand, it will be useful to quantify the effects of different management practices on the spatial pattern of understory communities at that scale.
The spatial patterning of understory vegetation may provide information about the nature, degree, and duration of the processes or resources that are structuring understory communities and help us to formulate hypotheses about the relevant processes (Dale 1999) . Causes of spatial structure may include the provision of abiotic resources, such as soil water and nutrients (Robertson et al. 1993 ) and light (Nicotra et al. 1999) , competition (Rogers 1985 , Muller 1990 , mortality (Janzen 1970) , or establishment (Hubbell 1979 , Houle 1998 . Although spatial patterning can be used to make inferences about the processes affecting understory communities, it is often difficult, if not impossible, to establish causation between process and pattern in an ecological setting (Cale et al. 1989 , Dale 1999 .
The objective of this research was to elucidate the effects of forest management on understory communities in northern hardwood forests and to evaluate processes that may control these differences. We sampled understory vegetation (herbaceous plants, shrubs, and tree seedlings) and light at multiple scales (from 2 m to the extent of the forest stand, ϳ0.5 km) in three northern hardwood forest types: old-growth undisturbed forest, second-growth even-aged forest, and managed, uneven-aged second-growth forest. Oldgrowth forests were included as a comparison to the effects of human management. We hypothesized that species composition, diversity, and spatial patterns of understory vegetation would significantly differ between forests with different histories of human use. Furthermore, we hypothesized that understory vegetation in old-growth forests would be the most heterogeneous, due to the structural complexity of the canopy and coarse wood debris, but have the lowest species diversity due to a lack of early successional species. However, differences between even-and uneven-aged second-growth forests were difficult to predict. Specific questions addressed include: How do species composition, diversity, and abundance (cover) of the understory differ among the three forest stand types? How does the spatial pattern (patch size) of understory diversity and cover differ among forest stand types using univariate measures? How does understory community spatial pattern (patch size and compositional heterogeneity) differ among forest stand types using multivariate measures? How are these quantitative measures of understory communities related to relevant plant resources, such as light and coarse wood debris?
METHODS

Study area
Research was conducted in the Sylvania Wilderness Area (ϳ89Њ W, 46Њ N; Fig. 1 ) and other areas of the Ottawa National Forest in Gogebic and Ontonagon Counties, Michigan, and the Nicolet National Forest in Forest County, Wisconsin, USA. The area is underlain by Laurentian shield bedrock and overlain with glacial deposits creating a gently rolling topography with elevations ranging from 517 to 567 m above mean sea level. Soil surface textures vary from coarse loamy to sandy (Table 1) . The climate is continental with cold winters and mild summers. The growing season lasts from midMay through August, with an average frost-free period of 61 d. Average annual precipitation is 864 mm with a mean of 420 mm within the growing season (Spies Forest stands sampled were chosen from a larger set of 24 northern hardwood stands studied in a large, multidisciplinary project (Goodburn 1996 , Bockheim 1997 , Goodburn and Lorimer 1998 , Miller et al. 2002 . Four sites were randomly chosen within each of the three forest stand types, provided they each met the following criteria to the degree possible: a total stand area large enough to accommodate the sampling design, medium or high site quality (based on soil characteristics), and similar soil types (Table 1) . These criteria severely limited the number of potential sites, and some variation in soil taxonomy, landform, and the presence or absence of a fragipan had to be accepted. Furthermore, we sought old-growth sites with no history of logging or other human disturbance and that were unfragmented (i.e., contained within a large contiguous area). Our criteria limited the available oldgrowth forests to the Sylvania Wilderness Area, which may create pseudoreplication (sensu Hurlbert 1984) and weaken any inferences drawn from this research, but there was no alternative. However, the size of the Sylvania Wilderness Area (Ͼ6000 ha) allowed us to place our sites between ϳ2 and 5 km apart and therefore reduce potential pseudoreplication to the extent possible. All 12 sites chosen had closed canopies dominated by sugar maple (Acer saccharum) with basswood (Tilia americana), yellow birch (Betula alleghaniensis), and eastern hemlock (Tsuga canadensis) as codominants. The relatively unmanaged, second-growth, even-aged forests resulted from clearcut logging in the early part of the last century (ϳ1916-1933) and are dominated by a canopy of relatively equal-sized trees. These even-aged forests have not been logged since the original clearcutting, although limited thinning or salvage cutting may have been performed. The managed uneven-aged forests have experienced relatively recent (1986 or 1988) harvesting under a single-tree selection system and are on a cutting cycle of 8-15 yr (Goodburn and Lorimer 1998) . These stands contain a broad range of tree sizes and are managed under wildlife tree retention guidelines (Goodburn and Lorimer 1998) . The long-term management history of these sites is generally unknown and a further potential source of variation, e.g., the long-term effects of uneven-aged management may not be fully reflected in the current stand conditions.
Sampling design
The sampling design was chosen to quantify the spatial patterns of understory vegetation within a forest stand from the scale of a 4.0-m 2 quadrat up to the scale (width) of the forest stand and to provide a reasonable Ecological Applications Vol. 12, No. 5 FIG. 2. Example of two transects overlapping at a 60Њ angle. Full transects were 520 m in length. The 4 of 13 cyclic sampling is highlighted at the bottom, where each numbered box represents a 2 ϫ 2 m quadrat that was sampled. Note that each cycle begins and ends at quadrat 0; four quadrats were sampled in each 13-quadrat cycle. compromise between distance, statistical power, and detail (i.e., the amount of vegetation sampled). Understory vegetation was sampled along two transects of 4.0-m 2 (2 ϫ 2 m) quadrats with a 4 of 13 cyclic sampling design (Clinger and Van Ness 1976, Clayton and Hudelson 1995; Fig. 2) . By using unequally spaced quadrats in a repeating pattern, cyclical sampling both reduces sampling effort and provides spatial information at multiple scales, from 2 m to the length of the transect (Clinger and Van Ness 1976 , Miller et al. 2002 . The two transects in each stand overlapped at a 60Њ angle, providing additional distance pairs between transects and greater power for spatial statistics as determined by testing a variety of designs a priori. Each transect was a maximum of 520 m in length with 80 quadrats in 20 cycles (Fig. 2) as dictated by forest stands that were previously delineated for the multidisciplinary study. Transect lengths were adjusted to account for the variable size of the forest stands and to exclude non-forested areas (e.g., roads or swamps), forest edges, and seasonally flooded depressions. The total area sampled per stand ranged from 248 to 512 m 2 .
Vegetation sampling
All vascular plants Ͻ2 m in height present within each quadrat were assigned a visual estimate of percent cover using a scale that emphasizes intermediate accuracy (Gauch 1982): 0.25, 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, and 100%. Gauch (1982) demonstrated that if the inherent variability (or ''noise'') of community samples is large relative to the variability introduced by sampling method, the aggregate error will increase marginally due to sampling error and high sampling accuracy is not necessary at all levels. The scale above also conforms to the recommendations of the Hatton et al. (1986) study of human error, which demonstrated that the range of percent cover from 20% to 70% should be given the least amount of accuracy although our scale extends this range to 100%. Error was further reduced because only one individual estimated percent cover throughout the study and trained on artificial samples. Spring ephemerals were sampled once from mid-May to mid-June, 1999 or 2000. The summer flora was sampled once from mid-June through August, 1998 or 1999.
Environmental data
Percentage of diffuse light transmittance (%T, sensu Nicotra et al. 1999) , the proportion of total photosynthetically active radiation (PAR) reaching the understory vegetation, was collected at each quadrat using a Decagon AccuPAR ceptometer (Decagon 1999) . Measurements at each stand were taken between 1000 and 1600 hours under uniformly cloudy conditions, once on a sin- Total downed coarse woody debris (CWD) was sampled at 10 of the 12 sites as part of a previous study of the effects of forest management (Goodburn 1996, Goodburn and Lorimer 1998) .
Community composition analysis
For each forest stand type, the data were summarized by species and by species group. The groups were created a priori and represent major life histories, growth habit types, and phenology: (1) ferns, (2) Lycopodia, (3) forbs (excluding 4 and 5), (4) spring ephemerals, (5) weedy species, (6) graminoids, (7) shrubs, and (8) trees (Goodburn 1996 , Thomas et al. 1999 . The groups generally do not strictly follow ecological guilds and are provided as a means to summarize the data and allow for comparisons with previous research. Ferns include both deciduous and evergreen species; lycopodia are woody and evergreen. Forbs are the broadest guild defined and consist of all herbaceous, flowering plant species (exclusive of graminoids and weedy species) that reach maximum size (percent cover) after leaf-out of the canopy trees. Spring ephemerals or vernal species are flowering plants that leaf out and reach maximum size before June 1 and senesce after canopy closure. Graminoids consist of all grasses and sedges. Shrubs are woody species not capable of reaching canopy or sub-canopy height. The weedy species category is the only group defined solely by ecological niche: these are forbs that are either invasive Eurasian exotics or aggressive natives associated with highly disturbed sites (Voss 1985 , Scheller 2000 .
We summarized individual species and groups by mean percent cover (⌺ mean percent cover for each stand/number of stands), mean frequency (⌺ frequency for each stand/number of stands), and constancy (percentage of stands where occurring) for each forest stand type (old-growth, even-aged, uneven-aged). Mean percent cover and mean frequency were compared between forest types using Fisher's protected least significant difference (LSD) test at ␣ ϭ 0.05 (SAS 1999) . Both percent cover and frequency were rank transformed before the ANOVA to correct for heteroscedasticity.
We chose nonmetric multidimensional scaling (NMS) ordination to provide an ecologically interpretable quantification of the compositional differences among forest types. Sørensen's coefficient, with species abundance measured as the species frequency at each stand, was used to calculate the community distance matrix for the 12 stands (Greig-Smith 1983) . Frequency was chosen rather than cover due to the significant differences in cover among forest stand types. Uncommon species (those that occurred at 3 or fewer of the 12 sites) were deleted prior to ordination. These uncommon species did not occur at more than two sites in any given forest type and obfuscated the ecological interpretation of the axes. Species with an average frequency (across the 12 sites) below 0.05 were also deleted (McCune and Mefford 1999) . The correlation between the ordination distances and distances in the original species space was used to estimate the amount of variance explained by each of the two axes (McCune and Mefford 1999) . The axis scores from the ordination were subsequently regressed against stand-level environmental data; only significant correlations (␣ ϭ 0.05) are presented. Clustering of the three forest types was tested using a multi-response permutation procedure.
Diversity and abundance analysis
For the analysis of diversity and abundance, the 4.0-m 2 quadrat was considered the basic community unit within each stand. Species richness (number of species), Shannon's index (Greig-Smith 1983) , and total cover (⌺ percent cover of all species; henceforth simply ''cover'') were calculated for each quadrat. Mean richness (S ) per quadrat, mean Shannon's index (HЈ) per quadrat, and mean cover per quadrat were then calculated for each stand excluding all tree seedlings. Tree seedlings, particularly sugar maple seedlings, can suppress the other components of understory diversity and abundance and should be treated as an independent variable (Foster 1997 , Miller et al. 2002 . Total species richness at each site was estimated using a first-order jackknife estimator (Smith and van Belle 1984, Palmer 1990) as implemented in the free software EstimateS (Colwell 1997) . The jackknife estimator corrects underestimates of species richness associated with the species-area curve (Palmer 1990) . Differences among forest types were assessed with a Fisher's protected LSD test at ␣ ϭ 0.05 (SAS 1999) for the four measures of diversity or cover. Cover was rank transformed to correct heteroscedasticity prior to the ANOVA.
Spatial pattern analysis of species diversity, cover, and PAR
Spatial patterns of understory vegetation diversity, total cover, and percentage of transmittance (%T) were analyzed using the semivariogram and correlogram, for each of the 12 sites. Each method provides unique information about the spatial patterns (patch size and/or heterogeneity).
The semivariogram, a descriptive geostatistical tool, is used to estimate the patch size and patch heteroge- Ecological Applications Vol. 12, No. 5 neity of explicit locational data , Rossi et al. 1992 , Goovaerts 1998 . The statistic used in the standard semivariogram is
where h is a distance divisible by the lag (the stepsize); x(i) ϭ univariate measure at location i (e.g., percent cover); x(i ϩ h) ϭ univariate measure h meters from the location of x(i). If the distance between two points is not exactly equal to h, that distance pair is assigned to the closest bin (pool of distance pairs). Therefore, a bin contains N(h) distance pairs. The semivariogram is half the averaged (1/2N[h]) squared difference between every distance pair (Goovaerts 1998) . The semivariograms were modeled using a nonlinear minimization algorithm (Goovaerts 1998) . Three functions were tested (linear, spherical, and Gaussian); the function with the lowest mean sum of squares, weighted by N(h), was used to model the semivariogram. The nonlinear function is used to estimate the range (maximum distance of spatial dependence or patch size), the sill (total variance or the variance of the random field), and the nugget (inherent variance when distance is zero; Kaluzny et al. 1997) . If the nonlinear minimization algorithm computed a range equal to the maximum distance of the semivariogram, this result was discarded as a spurious artifact caused by the inability of the algorithm to find a solution.
The correlogram is a geostatistical tool based on the semivariogram that is used to measure correlation as a function of distance (Goovaerts 1998 , Rossi et al. 1992 . The statistic for the correlogram is calculated as
where C(0) is the finite variance of the random field (Kaluzny et al. 1997) . A correlogram fit with a 90% confidence interval (Clayton and Hudelson 1995) was calculated for quadrat richness, Shannon's index, cover, and %T. A locally weighted regression model or LOW-ESS curve (span ϭ 0.25, degree ϭ 1; Trexler and Travis 1993, Kaluzny et al. 1997 ) was fit to the correlogram. A LOWESS curve models local or small-scale trends in the data and removes noise inherent in the correlogram (Kaluzny et al. 1997 ). The range of significant spatial autocorrelation is then calculated as the intersection of the LOWESS curve and the upper 90% confidence interval (Miller et al. 2002) . The significant autocorrelation distance will generally be smaller than the semivariogram range because the LOWESS curve is more sensitive to local (small-scale) variations in the data. If the correlogram exhibits no significant autocorrelations, this information is used to reevaluate and possibly discard nonsignificant semivariogram ranges. Because the semivariogram emphasizes heterogeneity or variance and the correlogram emphasizes correlation, together they provide a complete picture of the spatial autocorrelation and its significance. The semivariogram and the correlogram are used in conjunction to evaluate both the range of spatial dependence and the significance of any spatial dependence measured.
Spatial pattern analysis of understory communities
The spatial patterning of understory communities may be expressed as the mean size of plant communities and the compositional difference between a community and the surrounding matrix of understory communities. Compositional difference is often dependent on spatial proximity: neighboring communities may be more similar than distant communities. For example, the forest understory could be composed of neighboring individual quadrats that contain very similar abundances of many of the same species (low compositional heterogeneity) or quadrats that contain entirely different species than the species found in nearby communities (high compositional heterogeneity). Neighboring quadrats with very similar composition define a larger community patch; the size of the patch (defined below) can be estimated in meters.
The sociogram (or ''dissimogram''; Mistral et al. 2000) was used to quantify this spatial patterning (Scheller 2000) . The sociogram utilizes Sørensen's coefficient to calculate the similarity of communities and geostatistical techniques to summarize the spatial patterns of communities (Scheller 2000) . The sociogram is defined as
where h is a distance divisible by the lag (bins are used as with the semivariogram); IA is the internal association, the maximum value of percentage of similarity in the community matrix (Gauch 1982) ; i is an individual quadrat (or community); x is the percent cover in quadrats (i) or (i ϩ h); and j is the number of species in quadrats
A function is fit to the data to estimate the range (mean community patch size), the effective sill (mean patch compositional heterogeneity), and the nugget (inherent dissimilarity) of the sociogram, similar to the semivariogram above. As with the semivariogram, the sociogram effectively measures spatial pattern at scales from the size of the quadrat (2 m) up to approximately half the maximum distance between quadrats.
The sociogram summarizes individual quadrat data to generate information about community patches that are compositionally similar. Specifically, the sociogram calculates the mean community patch size, mean patch compositional heterogeneity, and the inherent understory compositional dissimilarity. The mean commu-PLANT DIVERSITY COMPARISON IN FORESTS nity patch size (in meters) is the average geographic distance from the maximum between-quadrat self-similarity (usually at 0 m) to the average geographic distance where between-quadrat dissimilarity is equal to global dissimilarity. Patch compositional heterogeneity is the measure of heterogeneity that exists above, or in addition to, the inherent dissimilarity. The inherent dissimilarity can be interpreted as sampling error and/or the overall random dissimilarity of communities (i.e., the minimum amount of dissimilarity we could expect between any two communities on average). In other words, patch compositional heterogeneity is a measure of how compositionally distinct the average community patch is from the surrounding mosaic of community patches (Scheller 2000) .
RESULTS
Understory composition and ordination
In every plant group except spring ephemerals, mean percent cover and frequency were highest in the uneven-aged stands (Table 2) . Differences were significant for percent cover in five plant groups (ferns, forbs, weeds, graminoids, and shrubs) and for frequency in two plant groups (graminoids and shrubs). Of the 128 plant species sampled in total, only 11 species were sampled exclusively in the old-growth stands, none of which is classified as rare or threatened by federal or state governments. Forty-one species (not including plants identified only to genus) were sampled only in even-or uneven-aged stands.
The NMS ordination included 38 species after rare or uncommon species were deleted and converged on two axes for the final solution (McCune and Mefford 1999) . The ordination site scores exhibit a significant clustering of the three forest stand types (P ϭ 0.02; Fig. 3 ). Axis 1 explained ϳ44% of the total variance; axis 2 explained an additional 40%. Axis 1 is positively correlated with total downed CWD (r 2 ϭ 0.42, P ϭ 0.04; Fig. 4 ). The volume of total downed CWD is significantly higher in old-growth forests (Goodburn and Lorimer 1998) . Axis 2 is positively correlated with both MeanPAR (r 2 ϭ 0.38, P ϭ 0.03; Fig. 5 ) and HiLoPAR (r 2 ϭ 0.55, P Ͻ 0.01; Fig. 5 ). The species with the highest axis 1 scores included Lycopodium lucidulum, L. dendroidium (club mosses), Viola selkirkii, and Arisaema triphyllum (Fig. 3) . Species with the lowest axis 1 scores included Erythronium americanum and Claytonia caroliniana (spring ephemerals) and Carex leptonervia, Carex spp., C. intumescens, and C. arctata (sedges) (Fig. 3) .
The species with the highest axis 2 scores are generally associated with openings within northern hardwoods: Galium triflorum, Schizachne purpurescens, Rubus spp., Carex pensylvanica, and Sambucus spp. The species G. triflorum and S. purpurescens are found and persist in forest openings (Voss 1972 (Voss , 1996 . With the exception of Rubus hispidus, which can be easily distinguished by its trailing habit, and R. pubescens, which was identified separately from the remainder of the genus, Rubus spp. are early successional shrubs that favor clearings and high light conditions (Voss 1985) . Species with low axis 2 scores are typical of low-light conditions: L. lucidulum, Gymnocarpium dryopteris, and the shrub Dirca palustris. E. americanum and C. intumenscens also have low axis 2 scores.
Understory diversity and cover
In all four nonspatial measures of diversity and abundance (estimated total species richness per stand, mean richness per quadrat, mean Shannon index per quadrat, and mean cover per quadrat), old-growth forests averaged lower than the even-aged forests, which averaged less than the uneven-aged forests. Estimated stand-level richness was significantly higher (P ϭ 0.05; Table 3 ) in uneven-aged than in old-growth forests. Uneven-aged forests also had significantly higher mean richness per quadrat than both old-growth and evenaged forests (P ϭ 0.016). Mean Shannon diversity per quadrat did not show any significant effect due to forest stand type (ANOVA, P ϭ 0.20). Mean cover per quadrat was greatest in uneven-aged forests and least in oldgrowth (P ϭ 0.02; Table 3 ). Cover is not closely correlated with diversity. Simple linear regressions of diversity on cover showed that only estimated richness had a significant, although weak, correlation with cover (r 2 ϭ 0.39, P ϭ 0.03).
The spatial patterning of diversity and cover
Contrary to understory diversity and cover, the within-stand spatial pattern of diversity and cover were not significantly different among forest stand types. The application of geostatistics to species richness, Shannon's index, and total cover provides a large amount of spatial information specific to each stand (Fig. 6) . The semivariogram range was always greater than the significant correlogram range, often by an order of magnitude.
Not all stands exhibit spatial dependence in species richness. Three stands (one even-aged, two unevenaged) have the following qualities that indicate random patterning at scales larger than the individual quadrat: no significant spatial autocorrelation; the effective sill (total variance minus the nugget) of the semivariogram is small relative to the nugget (small scale variance at distance ϭ 0); and the variation of ␥(h) between adjacent distance lags is large (Scheller 2000) . A similar analysis of spatial patterning reveals that Shannon's index has an apparently random distribution in 3 of the 12 stands, all within uneven-aged stands. The spatial dependence of total cover reveals that 5 of the 12 sites (two old-growth, two even-aged, and one uneven-aged) have no apparent spatial pattern (Fig. 6) . Two stands, Coral Lake 2 (even-aged) and Imp 1 (uneven-aged), are randomly distributed for all measures of withinstand diversity and cover. Notes: Statistics include mean percent cover, mean frequency (percentage), and constancy (percentage of sites where found) for all species sampled at Ͼ3 sites. Superscript letters indicate significant differences among forest stand types (Fisher's protected LSD with ␣ ϭ 0.10, N ϭ 4). Both percent cover and frequency were rank transformed.
FIG. 3. Axes 1 and 2 from a nonmetric multidimensional scaling ordination of 12 northern hardwood sites using site frequency of species as abundance. Rare or uncommon (present at three or fewer sites) species were deleted. Symbols in panel (A) are: site ordination: old-growth ϭ circle; even-aged ϭ solid triangle; uneven-aged sites ϭ open inverted triangle. (B) Species ordination (species codes are created from the first four letters of the genus and species names; see Table 2 ). All units are raw axis scores.
Percentage of diffuse light transmittance
Uneven-aged forests have significantly greater MeanPAR than both old-growth and even-aged forests (Table 4) . Both the variance of %T and the percentage of quadrats with low light or high light differed significantly among forest types with even-aged the lowest and uneven-aged the highest (Table 4) . Spatial dependence of %T is common in all three forest types (Fig. Ecological Applications Vol. 12, No. 5 FIG. 4. Total downed coarse woody debris (CWD) regressed against raw axis 1 scores from the nonmetric multidimensional scaling ordination (Fig. 3) . Old-growth ϭ circle; even-aged ϭ solid triangle; uneven-aged sites ϭ open inverted triangle. Notes: Statistics include number of quadrats sampled per stand (N ), estimated total species richness from a first-order jackknife estimator, mean species richness (S ) per quadrat, mean Shannon index (HЈ) per quadrat, and mean cover per quadrat. All analyses excluded sugar maple seedlings. Superscript letters indicate significant differences among forest stand types (Fisher's protected LSD with ␣ ϭ 0.05). Cover was rank transformed to correct for heteroscedasticity. (Fig. 3) . Old-growth ϭ circle; even-aged ϭ solid triangle; uneven-aged sites ϭ open inverted triangle. 7), but neither the semivariogram range nor the significant correlogram range were significantly different among forest stand types (Fig. 7) .
Structural differences between forest understory
communities at within-stand scales The sociogram quantified an approximately significant effect due to forest stand type in the patch size of understory communities (Table 5) . Mean old-growth patch size is significantly smaller than for both evenaged and uneven-aged sites. Community patch size in old-growth stands also exhibits less variation among stands than for either the even-aged or uneven-aged stands (Table 5) . Although the mean patch compositional heterogeneity was larger in old-growth stands than in either even-aged or uneven-aged stands, the differences were not statistically significant. The inherent dissimilarity (nugget) was highly variable for all three forest types, and mean values are not significantly different.
DISCUSSION
Understory composition, diversity, and cover reflect forest management
The ordination, in conjunction with the environmental data, allows us to see how the species composition of the forest stand types are unique and significantly different. Although some of the site clustering found in the ordination (Fig. 3) may be due to geographic clustering (Fig. 1) , this effect appears to be minimal. For example, the smaller uneven-aged cluster contains sites that are widely spaced geographically. Also, Coral Lake 2, which is clustered near old-growth forests in the ordination, is the most geographically distant even-aged site. The ordination provides valuable information in addition to the clustering of the sites by species composition. There are two significant gradients correlated with light and CWD that together explain Ͼ80% of the variation in species composition. Old-growth forests are correlated with low light and a high volume of CWD; even-aged forests with low light and a low vol- Notes: Different superscript letters indicate significant differences among forest stand types (protected LSD with ␣ ϭ 0.10). Range was square-root transformed to correct for heteroscedasticity.
† F ϭ 2.86; df ϭ 2, 9; P ϭ 0.11. ‡ F ϭ 0.34; df ϭ 2, 9; P ϭ 0.72. § F ϭ 0.07; df ϭ 2, 9; P ϭ 0.93.
ume of CWD; and uneven-aged forests with high light and a moderate volume of CWD. Species associated with CWD have high first axis scores and the first axis is significantly correlated to CWD. These species include Lycopodium dendroidium and L. lucidulum, which colonize nurse logs and rotten stumps (R. M. Scheller, personal observation), and Violet selkirkii, which is frequently found on tip-up mounds that are associated with downed CWD. Many shade-intolerant species have high second axis scores, and the second axis is positively correlated with MeanPAR and HiLoPAR. Conversely, the shade-tolerant, slow-growing species have low second axis scores. The two spring ephemerals with low axis 2 scores may have higher growth and reproduction when low light conditions suppress shade-intolerant species that often emerge in very early summer (R. M. Scheller, personal observation) . The largest differences in diversity and abundance were between old-growth forests and the uneven-aged, managed forests that receive periodic disturbance through selective logging. Our data show an increase in percent cover after selective cutting and the lowest diversity in undisturbed stands, similar to the differences between selection or group cutting and unharvested stands found by Metzger and Schultz (1984) in northern hardwood forests of Upper Michigan.
The resemblance we found between the diversity of old-growth and even-aged forests corroborates the findings of previous research that the effects of clearcutting on diversity are negligible after several decades (Albert and Barnes 1987 , Gilliam et al. 1995 , Halpern and Spies 1995 , Ruben et al. 1999 . Understory diversity peaks soon after disturbance followed by a long decline in diversity (Zamora 1982 , Albert and Barnes 1987 , Keenan and Kimmins 1993 , Tonteri 1994 . Our data contradict the loss of diversity due to logging found by Duffy and Meier (1992) and Meier et al. (1995) in Appalachian cove forests.
A possible explanation for the observed patterns of diversity and cover is that the slow-growing, shadetolerant species that characterize old-growth forests suppress the growth of many species and subsequently reduce richness and diversity. Foster (1997) also concluded that the early leaf-out of and deep shade cast by sugar maple seedlings and saplings limited the abundance of many herbs. This conclusion would support the intermediate disturbance hypothesis (IDH; Connell 1978) . Although mature, even-aged forests have similar mean light levels (Table 4 ) and experience gap formation at a rate similar to old-growth forests (Goodburn 1996) , they may contain many understory species that are remnant populations now at a competitive disadvantage and that may be reduced or eliminated over time. The IDH may also explain why diversity is greatest in uneven-aged stands: the disturbance is periodic and fairly recent (12-14 yr ago), and species composition is not dominated by slow-growing, shade-tolerant species.
Understory diversity and communities display unique patch sizes and patch heterogeneity in different forest types
The spatial analysis of species richness, Shannon's index, and total cover reveals that diversity and cover are often clumped in distribution. Species richness in our 12 stands was frequently clumped (9 of 12 sites) and cover less so (7 of 12 sites), the opposite of Muller's (1990) data that showed a uniform distribution of species richness and clumped distribution of species cover. Together, these spatial data suggest three conclusions: (1) within-stand spatial dependence is common for diversity and cover (mean richness per quadrat, mean Shannon's index, and mean total cover); (2) spatial dependence of diversity and cover is highly variable within stands, and there are no significant differences between forest types; and (3) some stands exhibit no spatial pattern at scales larger than the individual quadrat, which may indicate a nonequilibrium state (Wiens 1984 , He et al. 1996 . The cause of spatial dependence in diversity and abundance is difficult to assess. The scale of the spatial dependency is often large (Ͼ50 m) and is not likely related to the overstory canopy, which varies at much smaller scales.
The patchiness of diversity has important implica-tions for sampling understory vegetation. If the extent of vegetation sampling is less than the range of spatial autocorrelation, the estimate of richness and vegetation composition may be biased (Pielou 1966 , Palmer 1987 , and a correction may be necessary (Stohlgren et al. 1997) . Only if the spatial extent of sampling extends beyond the range of diversity autocorrelation, conservatively estimated at 100 m based on our data, can a site be considered homogeneous in regard to diversity. Our estimates of total species richness using the first-order jackknife estimator met this criterion. Understory communities, as measured by the sociogram, do have spatial structure that is significantly different between forest types. The sociogram successfully distinguished old-growth from even-aged and uneven-aged forests on the basis of understory community patch size. These differences in spatial structure between old-growth and second-growth (even-and uneven-aged) forests are separate from, and not congruent with, our previous comparisons of diversity that found significant differences primarily between old-growth and uneven-aged forests (Table 3) . It is not clear why the spatial pattern of diversity and cover, measured with geostatistics, showed no significant forest type effect while the spatial pattern of communities, measured with the sociogram, was different among forest stand types. Multivariate measures of communities, such as the sociogram, integrate both diversity and abundance and therefore may better capture the spatial pattern of understory vegetation. Univariate measures of community, such as richness or cover, may not capture the relevant spatial pattern by themselves.
The differences in community spatial pattern between old-growth and even-aged forest stand types support our current understanding of forest succession. Important resources become more heterogeneous as closed-canopy forests (after stand initiation and selfthinning) mature, and this is reflected in the spatial patterning of the understory. Gaps, which create resource heterogeneity and perhaps subsequently understory heterogeneity (Moore and Vankat 1986 , Collins and Pickett 1987 , Chazdon 1988 , are significantly smaller and gap density is lower in even-aged forests as compared to old-growth forests (Goodburn 1996) . A significantly larger proportion of low-and high-light quadrats occurs in old-growth than in even-aged forests (Table 4 ) and reflects higher structural diversity. A similar pattern of light resources was found in old-growth and second-growth tropical forests in Costa Rica (Nicotra et al. 1999) .
Clearcutting or selective logging may also reduce many of the historical legacies that create patchiness and heterogeneity. Coarse woody debris (CWD) is generally reduced in volume and size in the decades following clearcutting and will increase later with stand age (Tyrell and Crow 1994, Goodburn and Lorimer 1998) . Goodburn and Lorimer (1998) , working in many of the same northern hardwood forests that we studied, found that the volume of large-diameter (Ͼ40 cm) CWD is significantly different between all three forest types (old-growth Ͼ uneven-aged Ͼ even-aged). This apparent increase in resource heterogeneity from evenaged to old-growth may contribute to the decreased mean patch size and increased patch heterogeneity that we found in old-growth forest understory communities. When comparing the potential sources of resource heterogeneity measured, CWD was a better predictor of community patch size (P ϭ 0.02) than was mean %T (P ϭ 0.09).
The spatial patterning may also reflect species composition. However, our data do not support the hypothesis that the spatial structure we measured is related to community composition (Maslov 1989 , Matlack 1994 , Miller et al. 2002 . Vegetatively reproducing species are closely associated with both old-growth and even-aged forests (Fig. 3) , although these forests have a significantly different spatial structure.
Management implications
Our results indicate that clearcutting and selective logging have negligible effects on understory alpha diversity in these mesic hardwood forests, but the fundamental character of the species composition may be changed. Either a decrease in light levels or an increase in CWD, or both, may be necessary to recreate the original community. Specifically, if a management objective is to maintain ecological integrity, understory species should be evaluated before selective logging. If the understory is dominated by weedy or early successional species, either the volume of harvesting should be reduced or harvesting should be delayed.
In addition, an increase in CWD may be necessary to restore the spatial structure to preharvest levels. Increased community spatial structure (small patch size, greater patch heterogeneity) may be important to the maintenance of forest biodiversity for multiple reasons. Spatial structure may enhance the ecological stability of the system by spatially diversifying and diminishing interspecific competition in the understory community and preventing a unidirectional response to disturbance (May 1972, Frank and McNaughton 1991) or to predators (Ellner et al. 2001) . Smaller understory patch sizes and larger patch heterogeneity may also provide enhanced structural diversity that is critical to small animals (Lidicker and Koenig 1996) .
As uneven-aged management becomes the prevailing forest management system, both in Wisconsin and throughout the northern hardwood forests of the eastern United States, the structure and function of the understory vegetation may be altered at broad spatial scales. The risk to forest managers is that due to the periodic disturbances inherent to uneven-aged management, the unique structure and composition of such stands may represent not a transient state but a bifurcation to a new state characterized by weedy and early successional species. Conceivably, if light levels and soil distur-bance rates remain artificially high, these species may supplant sugar maple seedlings as the dominant competitor. In two of our uneven-aged sites (data not shown), Rubus spp. and/or Galeopsis tetrahit had clearly assumed the ecological niche of dominant competitor. Future research on the effects of forest harvesting on understory composition, diversity, and spatial patterning needs to address both long-term changes and the consequences of these changes at broad spatial scales.
